Journal Title: Alzheimer's and Dementia Volume: Volume 14, Number 2 Publisher: Elsevier: 12 months | 2018-02-01, Pages 157-166 Abstract INTRODUCTION-This study tested the hypotheses that late-midlife obstructive sleep apnea (OSA) and short and long sleep duration are associated with dementia over 15 years of follow-up.
Background 1
Dementia and mild cognitive impairment (MCI) pose a major societal burden [1] , which is projected to increase due to the aging of the U.S. and global population [2, 3] . Effective treatments for dementia and MCI are lacking, thus heightening the need to understand the etiology of these conditions and identify modifiable risk factors. These conditions have a long pre-clinical phase and for several dementia and MCI risk factors, levels assessed at midlife are more strongly associated with future dementia and MCI risk than are levels assessed later in life (e.g. hypertension, [4] [5] [6] diabetes, [6] [7] [8] [9] [10] smoking [6, 11] ).
Evidence from both human and animal studies have suggested a link between obstructive sleep apnea (OSA) and habitual long and short sleep duration with risk of dementia and Alzheimer's disease (AD) [12] . Mechanisms [13, 14] hypothesized to underlie these associations include chronic nocturnal hypoxemia [15] [16, 17] , sleep fragmentation [18] , mediation through cardiovascular disease (CVD) risk factors (e.g. hypertension, diabetes, inflammation), stroke (both clinical and subclinical) [17, 19, 20] , increases in Aβ burden [21] , and interaction with the APOE ε4 risk allele [22] [23] [24] [25] [26] . However, the relation between sleep and cognitive impairment is incompletely understood; many of the existing epidemiological studies were limited in that they did not measure sleep objectively, had a small sample size, and/or were cross-sectional or had short follow-up time, thus raising questions about the temporality of the relationship or reverse causation. In particular, information is lacking about the association between late-midlife sleep characteristics and development of dementia late in life. Nearly 2,000 Atherosclerosis Risk in Communities (ARIC) Study participants had objective sleep measurements at ages 54-73 years as part of the Sleep Heart Health Study (SHHS) and were followed to ages 67-89 for neurocognitive outcomes. Using these data we tested the hypotheses that late-midlife OSA, and short and long habitual sleep duration, were independently associated with greater risk of developing incident dementia and MCI over approximately 15 years of follow-up. Additional analyses were conducted evaluating dementia and MCI of AD etiology.
Methods

Study Design
The ARIC cohort includes 15,792 mostly white and black individuals who in 1987-1989 were recruited from 4 U.S. communities [27] . In 1996 In -1998 , which corresponded approximately with ARIC's fourth clinical exam (visit 4), a total of 1,920 ARIC participants from the suburbs of Minneapolis, Minnesota and Washington County, Maryland centers underwent sleep measurements as part of the SHHS [28] . Since study enrollment, ARIC participants have been tracked continuously for hospitalizations and mortality through annual phone calls (twice-yearly since 2012), surveillance of local hospitals, and monitoring of state and national death indexes. Informed consent was obtained at each clinic visit, and study protocols were approved by relevant Institutional Review Boards.
Of the 1,920 ARIC SHHS participants, for the present analysis we excluded individuals with missing data for OSA severity (n = 197), central sleep apnea (n = 28), prevalent dementia at the time of the SHHS exam per dementia hospitalization ICD codes (n = 3) and missing information on key covariates (n = 25). A flow chart is provided in Figure 1 . Of the remaining 1,667 participants, all were followed for incident dementia, as defined below, and are included in OSA analyses. The maximal sample size for sleep duration analyses is 1,653 due to missing information on habitual sleep duration. Of the 1,667 participants, a total of 1,083 took part in the ARIC Neurocognitive exam (visit 5: 2011-2013). Only these 1,083 individuals were included in the analyses of adjudicated dementia, MCI and MCI or dementia due to AD. Of participants who did not take part, 359 had died and 225 did not participate for other reasons. Information on these individuals were included in the analyses, as described below.
Sleep Measurements
Unattended polysomnography (PSG) was conducted in the participant's homes (PS-2 System; Compumedics Limited, Abbotsford, Victoria, Australia), as has been detailed by SHHS Investigators [29] . An apnea was considered present if there was an absence or near absence of airflow (at least <25% of baseline) for ≥10 seconds [28, 29] . Hypopnea was defined as a decrease in the amplitude of the airflow below 70% of baseline for ≥10 seconds and an oxyhemoglobin desaturation of at least 4%. The apnea-hypopnea index (AHI) was calculated as the number of obstructive apneas (regardless of the oxygen desaturation level) plus hypopneas (with a ≥4% decrease in oxygen saturation) per hour of sleep. Participants were categorized into four OSA severity groups according to the AHI: <5.0 events/hr (normal), 5.0-14.9 events/hr (mild sleep apnea), 15-29.9 events/hr (moderate sleep apnea), ≥30.0 events/hr (severe sleep apnea). Percent time with oxygen saturation <90% was also calculated. Central sleep apnea events, which were defined by the absence of airflow with no associated respiratory effort detected, were excluded.
Information about habitual sleep duration during the workdays and weekends was queried through the following questions on the SHHS Sleep Habits Questionnaire: How much sleep do you usually get at night (or in your main sleep period): on weekdays or workdays? and on weekends or nonwork days? Habitual sleep duration per night (hr) was calculated as follows:
[(habitual total sleep time during the workdays)*5 + (habitual total sleep time during the weekends)*2]/7. Habitual sleep duration was then categorized as <7, 7 to ≤8, 8 to ≤9 and ≥9 hours per night.
Outcome ascertainment
Ascertainment of dementia and MCI during follow-up was performed through different mechanisms. First, of the 6,538 ARIC participants attending visit 5 (2011-2013) (many of whom did not participate in SHHS), 6,471 underwent a detailed neurocognitive assessment, and a selected subset received a neurological exam and brain magnetic resonance imaging (MRI) [30] . Second, the modified telephone interview for cognitive status (TICSm), a validated phone-based cognitive assessment, was performed in 1,461 participants who were alive at the time of visit 5 but unable or unwilling to participate, while an additional 505 informants of participants deceased or unable to complete the TICSm assessment were interviewed as previously described [30] . Finally, possible cases of dementia in participants who did not provide information through any of the previous methods were ascertained from diagnosis codes from hospitalizations.
Based on this information we defined the outcomes of interest for the present analysis according to the methodology previously utilized in ARIC [30] . Incident dementia from 1996 to 2012 was defined combining all the potential diagnostic sources described above (i.e. visit 5 assessment, TICSm, hospitalization codes). Second, syndromic dementia and MCI were adjudicated by an expert panel, only in participants attending the visit 5 exam (n = 6,538), based on full neuropsychological assessment plus a functional activities questionnaire (FAQ), a clinical dementia rating (CDR) interview (administered separately to the participant and the informant) and a neuropsychiatric inventory (NPI) interview (administered to the informant only). Interviews were conducted using standardized protocols and by certified staff. Quality control of examiner performance was monitored by review of audiotaped recordings. Etiologic diagnoses were assigned by a panel of physicians and neuropsychologists, for individuals who were seen in-person and given diagnoses of dementia or MCI [30] . Reviewers were allowed to diagnose more than one etiology, but they were required to designate one etiology as primary. The diagnosis of dementia or MCI due to AD etiology was defined based on the presence of the cognitive syndrome that is not of abrupt onset and includes memory impairment and the absence of features of other specific diagnoses sufficient to cause the cognitive impairment. The criteria from the National Institute on Aging-Alzheimer's Association (NIA-AA) workgroups [31, 32] were followed. Due to a low prevalence in this sample of dementia and MCI attributed to other etiologies (e.g. CVD-related, Lewy body disease), we evaluate only the risk of all-cause dementia and dementia due to AD etiology.
Other covariates
Information on potential confounders and effect modifiers was collected at ARIC clinic visit 4, which occurred shortly before the sleep study visit, unless otherwise noted (see Supplemental Methods for details). 
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Statistical Analysis
For the 1,667 participants in our study, descriptive characteristics are provided stratified according to visit 5 participation status, OSA severity categories, and sleep duration categories, respectively. Cox proportional hazards regression was used to study the association of OSA with hazard of dementia. Follow-up time began on the date of the sleep study and accrued until a dementia hospitalization ICD code, loss-to-follow-up, death, December 31, 2012, or the visit 5 exam date. The proportional hazards assumption was checked by plotting of log(−log) survival curves and testing the interaction between the exposures and time.
We also evaluated the association of mid-life OSA to risk of several neurocognitive study adjudicated outcomes using relative risk regression using generalized linear models with a Poisson distribution and a log link [33] : i) dementia or MCI, ii) dementia, iii) MCI, iv) dementia or MCI due to AD. For these analyses selection bias may have occurred as a result of differential participation and survival to visit 5. As such, we used inverse probability weighting (IPW) [34, 35] to adjust for attrition due to either death or failure to attend the follow-up neurocognitive exam (censoring). Further information on our methodology is provided in the Supplemental Methods.
For both the Cox and relative risk regression analyses, a series of models were estimated using covariate information collected at approximately the time of the sleep exam. Model 1 adjusted for age, sex, center, education attainment and the APOE ε4 risk allele. Model 2 further adjusted for BMI, smoking status and leisure time physical activity. Model 3 also adjusted for characteristics hypothesized to be on the causal pathway between OSA and incident dementia/MCI (i.e. diabetes, antihypertensive medications, C-reactive protein, and systolic blood pressure). Cox and relative risk regression analyses were repeated with sleep duration categories as the exposure. Analyses were conducted in SAS 9.3 (SAS, Inc., Cary, NC).
Results
At the time of the sleep study, the 1,667 participants included in our analytic sample were on average (±SD) 62.7±5.5 years old and 52.6% were female. Participant characteristics stratified by neurocognitive study participation status are presented in Table 1 . Those who did not participate had lower educational attainment, and were more likely to be current smokers, have diabetes, and use antihypertensive medications. 
Obstructive sleep apnea and incident dementia
Obstructive sleep apnea and neurocognitive study-adjudicated dementia
Among the 1,083 who underwent comprehensive cognitive assessments as part of the neurocognitive study, we evaluated the association between OSA severity and 15-year risk of adjudicated dementia or MCI, dementia, MCI and dementia or MCI due to AD ( For analyses utilizing the data from the comprehensive cognitive assessments as part of the neurocognitive study, results from analyses without IPW were generally similar to the IPW analyses (Supplemental Table 2 ). Table 3 ).
Sleep duration and incident dementia
Sleep duration and neurocognitive study-adjudicated dementia
Among the 1,081 participants who had cognitive assessments as part of the neurocognitive exam, we also evaluated the association between habitual sleep duration and risk of dementia or MCI, dementia, MCI, and MCI or dementia due to AD ( Table 4 ).
Additional sensitivity analyses
There were no statistically significant interactions between the APOE ε4 risk allele and OSA or sleep duration categories on neurocognitive outcomes. However, precision was low for these analyses due to small cell sizes within APOE ε4 risk allele and sleep categories. Percent sleep time with oxygen saturation <90% was also explored as an exposure; results were similar to those observed for OSA (Supplemental Table 5 ).
Discussion
OSA and habitual short sleep duration are common, with severe OSA afflicting approximately 15% of adults [36] and short sleep duration 34% [37] . These conditions are amenable to correction through behavioral changes and/or clinical intervention. Therefore, were either OSA or short sleep duration causally related to dementia and MCI, there would be important opportunities for intervention to prevent the development of dementia and MCI. In our analysis of nearly 1,700 participants who were followed for more than 15 years, OSA was not associated with incidence of dementia as defined by a broad endpoint that included hospitalization diagnosis codes. In analyses restricted to those who underwent a comprehensive neurocognitive assessment, severe OSA was associated with greater risk of all-cause and AD dementia after accounting for demographics, but the associations were attenuated with additional adjustment for behaviors and CVD risk factors. This attenuation suggests that the effect of OSA on dementia may be mediated through cardiovascular pathways (e.g. hypertension, diabetes). Results when percent time in oxygen saturation <90% was the exposure followed a pattern similar to those observed for OSA. For habitual sleep duration, a similar pattern was observed whereby there was no association with dementia as ascertained by hospitalization diagnosis codes. However, when restricted to participants with a comprehensive assessment of cognitive status, sleeping less than 7 hours per night was associated with 2-fold higher risk of all-cause dementia.
The 15 year time-span between the sleep studies and the neurocognitive exam is an important strength of our study since, for many dementia risk factors, stronger associations have been observed when the risk factors were measured at middle-age than when they were measured later in life [4] [5] [6] [7] [8] [9] [10] [11] . However, this time-span also creates challenges in the interpretation of our results. Of the 1,667 participants eligible for this analysis, 21.5% died prior to the neurocognitive study, and 13.5% did not participate for other reasons. For these individuals we did not conduct the full neurocognitive battery, but do have information on dementia hospitalization ICD codes, and some also have TICSm and informant interviews. Importantly, sensitivity of hospitalization ICD codes is poor [30, 38] , and we invariably missed numerous cases of dementia that occurred among individuals who did not attend the neurocognitive exam. As the ARIC neurocognitive study has previously reported, the sensitivity of hospital and death diagnostic codes for dementia was 25% (95% CI: 22%-29%) and the specificity 99% (95% CI: 99%-99%) [30] . The poor sensitivity of hospitalization codes may explain why, in the present analysis, associations with sleep characteristics were stronger for analyses restricted to the neurocognitive study participants than for analyses that also utilized the ICD hospitalization codes. Through use of IPW, we attempted to account for selection bias that could have occurred as a result of individuals who participated in the neurocognitive study being different than those who did not. However, some bias may have remained, and the true cognitive status of individuals who did not attend the neurocognitive study is unknown.
To date, the strongest evidence suggesting a prospective relation between OSA and incident dementia comes from the Study of Osteoporotic Fractures, which using data from 298 women (mean age 82 years) followed for a mean of 4.7 years, found that women with sleep disordered breathing (AHI ≥15 events/hour) were 85% (95% CI: 11%-208%) more likely to develop MCI or dementia as compared to women with an AHI <15 [14] . Sleep duration was not associated with MCI/dementia risk in this sample. However, in a recent publication from the Women's Health Initiative Memory Study, self-reported short and long sleep duration were associated with higher risk of MCI and dementia among older women followed from 1995-2008 [39] . Long sleep duration was also associated with greater risk of incident dementia over 3 years of follow-up in the Neurological Disorders in Central Spain Study, but there was no relation between short sleep duration and dementia risk [40] . These findings are also consistent with the majority of cross-sectional studies of OSA and cognition, and prospective studies of change in cognitive test scores [41] [42] [43] [44] . Notably, in a prior analysis of this ARIC sample, there was no association between OSA or sleep duration and change in scores on cognitive tests that were administered at baseline and at the time of the neurocognitive exam [45] . For that analysis, similar to the results presented herein, it is possible that issues of selection bias may have masked a true association. Also, there may have been "floor effects", whereby a factor doesn't affect the rate of decline after a threshold is reached. For example, in a prior ARIC publication low education was associated with dementia risk but not with cognitive decline. [35] One limitation of our study was that despite the relatively large overall sample size, the number of cases with severe OSA and severe reductions in sleep duration were small. As such, our results were imprecise for estimations of future dementia risk among participants at the extreme ends of the exposure spectrum -specifically individuals with severe OSA or who slept less than 7 hours per night. Furthermore, precision was poor when looking at dementia of AD etiology, and we were unable to evaluate relations of sleep with other etiology subtypes (e.g. vascular dementia). Also, as noted above, selection bias related to non-attendance at the neurocognitive exam is an important limitation of this study. Results of analyses which attempted to account for selection bias by using IPW models were similar to those from standard analyses. However, this does not necessarily mean that there is no selection bias; it is possible that we did not have appropriate information to correct for bias. Additional limitations include a single assessment of sleep, self-reported sleep duration, no comprehensive neurocognitive assessment at baseline, lack of biomarker tests to verify AD dementia, residual confounding, and the testing of multiple comparisons may have led to spurious associations. The generalizability of our findings is also uncertain, as the prevalence of OSA and sleep duration were lower than often observed in generally healthy populations [36, 46] . The present ARIC data also have important strengths including a relatively large sample size, 15 years of follow-up, a multifactorial comprehensive cognitive assessment, objective information on CVD risk factors, and representation of both men and women.
In sum, in this community-based sample, OSA and short sleep duration were associated with greater risk of all-cause and AD dementia when employing carefully phenotyped outcome definitions. Our findings highlight the need for studies with rigorous adjudication of dementia, and additional research to understand whether the observed associations are causal.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Research in Context
Systematic review
We identified relevant studies in PubMed. Though prior research suggests that obstructive sleep apnea (OSA) and short and long sleep duration may be linked to dementia, no studies have considered OSA in midlife.
Interpretation
Neither OSA nor short or long sleep duration were associated with dementia incidence when a non-adjudicated dementia definition was used. However, when adjudicated outcomes were used, there was some evidence that midlife OSA and short sleep duration may be linked to all-cause and Alzheimer's disease dementia later in life.
Future directions
There may be value in additional studies of sleep quantity and quality in relation to subclinical and clinical markers of dementia and Alzheimer's disease dementia. It is unknown whether improving midlife sleep quality and/or quantity would reduce the likelihood of developing dementia. Participant flow chart for incidence and inverse probability-weighted analyses IPW = inverse probability weighting 
